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Abstract 
 
This proposal focuses on the synthesis and characterization of “tunable” perovskite ceramics 
with resulting controlled strength and temperature of dielectric constants and/or with ionic 
conductivity.  Traditional methods of synthesis involve high temperature oxide mixing and 
baking. We developed a new methodology of synthesis involving the (1) low temperature 
hydrothermal synthesis of metastable porous phases with “tuned” stoichiometry, and element 
types, and then (2) low temperature heat treatment to build exact stoichiometry perovksites, 
with the desired vacancy concentrations.  This flexible pathway can lead to compositions and 
structures not attainable by conventional methods. During the course of this program, a series 
of Na-Nb perovskites were synthesized by calcining and collapsing microporous Sandia 
Octahedral Molecular Sieve (SOMS) phases. These materials were studied by various 
characterization techniques and conductivity measurements to better delineate stability and 
stoichiometry/bulk conductivity relationships. The conductivity can be altered by changing 
the concentration and type of the substituting framework cation(s) or by ion exchange of 
sodium. To date, the Na0.9Mg0.1Nb0.8Ti0.2O3-δ shows the best conductivity. 
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Introduction 
 
Solid Oxide Fuel Cells (SOFCs) offer several advantages for the clean conversion of 
chemical energy into electricity including flexible fuel types (carbon-based), inexpensive 
non-noble metal catalysts, but most importantly, high efficiency. The enhanced efficiency of 
SOFCs is born out of its high operating temperature (1073 – 1273 K) allowing for high 
reaction rates and power densities.1 However, technological difficulties arise at these 
operating temperatures: management of excess heat, the use of ceramic interconnects, 
thermal stresses and component failure. Lowering the operating temperatures can overcome 
these problems.2 Yet, a major materials breakthrough is needed in order to maintain high 
ionic mobility at lower temperatures. 
 
Development of new electrolyte materials is not a straightforward or simple issue. The new 
materials must possess ionic conductivities that are better than or similar to yttria-stabilized 
zirconia (3% YSZ, σ = 0.17 S/cm at 1273 K)3 and be compatible with other fuel cell 
components. Perovskites, with nominal compositions of ABO3, exhibit high ionic 
conductivities and are being studied for use as SOFC cathodes.4 The ionic conductivity 
depends on the chemical composition and the extent of cation ordering. Traditional methods 
for synthesizing perovskites require high temperatures in order to form the desired phase. 
Hydrothermal synthesis at lower temperatures could increase the available composition space 
by allowing the formation of perovskites with metastable compositions or with higher defect 
concentrations.5-10 
 
We have shown previously that heat treatment of metastable Sandia Octahedral Molecular 
Sieves (SOMS, Na4Nb4-2xM2xO12-x·H2O, where 0 ≤ x ≤ 0.4 and M = Ti, Zr) phases at 450 °C 
yields pure perovskite phases (NaNb1-2xM2xO3-x, where 0 ≤ x ≤ 0.1 and M = Ti, Zr).5 The 
SOMS phases convert directly to perovskites upon heating and the oxygen vacancy 
concentration depends upon the transition metal concentration. Perovskites formed from 
SOMS have lower exothermic heats of formation and are thought to exhibit more ionic 
disorder (desirable for ionic conductivity) compared to materials made by conventional 
methods.7,11 (Similar results have been observed in condensed silicotitanates, where the 
ceramic phase “A” prepared hydrothermally is more stable than that prepared by solid-state 
methods.)12 In addition, the SOMS compositions can be altered through framework 
substitution of the niobium, initially shown with Ti and Zr,5 and more fully explored and 
reported herein. Further compositional change can occur through ion-exchange of the SOMS. 
Therefore, using the metastable SOMS as a reactant for the synthesis of the perovskites, it 
may be possible to synthesize compositions unobtainable through traditional methods. The 
perovskites prepared by this alternative low temperature route may show increased ionic 
conductivity due to composition, substitutional defects, and thermodynamic stability. 
 
The research reported herein investigates the structure-property relationship between these 
hydrothermally mediated perovskites and their oxygen conductivities. The samples were 
synthesized from meta-stable SOMS precursors and their compositions were changed 
through framework substitution and/or ion-exchange. The perovskite structure was 
investigated by powder X-ray diffraction, thermogravimetric analysis, and chemical analysis. 
Ionic conductivities of the perovskites will be correlated to their structure and the stability of 
the original SOMS reactant.  A full report is being published on this work.13 
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Experimental Section 
 
Synthesis. Titanium (IV) isopropoxide, Ti(OCH(CH3)2)4 (Aldrich, 99.999%), molybdenum 
(V) isopropoxide, Mo(OCH(CH3)2)5 (Alfa Aesar, 99+%), germanium isopropoxide, 
Ge(OCH(CH3)2)4 (Aldrich, 97%), zirconium isopropoxide isoproponol complex, 
Zr(OCH(CH3)2)4·(CH3)2CHOH (Aldrich, 99.99%), niobium (V) ethoxide, Nb(OC2H5)5 (Alfa 
Aesar, 99%) and tellurium (IV) isopropoxide, Te(OCH(CH3)2)4 (Alfa Aesar, 99.9%) were 
purchased and handled as received in an inert atmosphere, argon-filled box. Lithium nitrate, 
LiNO3 (Aldrich, reagent plus), sodium hydroxide, NaOH (Alfa Aesar, 98%), magnesium 
chloride, MgCl2·6H2O (Aldrich, 99%), calcium chloride, CaCl2·6H2O (Aldrich, 98%), 
nickel(II) nitrate, Ni(NO3)2·6H2O (Alfa Aesar, 98%), strontium chloride, SrCl2·6H2O 
(Aldrich, 99%), and yttrium chloride, YCl3·6H2O (99.9%). All reagents were used as 
received. All reactions were carried out in solutions of deionized water. 
 
Detailed descriptions of model SOMS syntheses and conversions to perovskites are presented 
in the literature.5  Substitution of the sodium atoms in Na4Nb3.2Ti0.8O2.9·H2O was 
accomplished via ionic-exchange using metals salts. In a typical exchange reaction, 1 g of 
SOMS was added to 25 mL of an aqueous solution of metal salt (two equivalents of metal per 
sodium) and stirred for 1 h at room temperature. The sample was filtered and washed. The 
ion-exchange process was repeated two additional times. A more complete ion-exchange was 
achieved by refluxing the SOMS sample in 25 mL of an aqueous solution of metal salt (two 
equivalents of metal per sodium) overnight. Partial exchange was performed to maintain the 
orthorhombic perovskite structure, while complete exchange was done to study the affect of 
the A-site cation on the structure and conductivity. 
 
Structural Characterization 
 
Powder X-ray diffraction (XRD) patterns were recorded at room temperature on a Siemens 
Kristalloflex D 500 diffractometer (Cu Kα radiation, Kevex detector, 40 kV, 30 mA; 2θ = 5 - 
60 ○, 0.05○ step size and 3 second count time) and used for crystalline phase identification. 
The phases were identified by comparison with the data reported in the JCPDS (Joint 
Committee of Powder Diffraction Standards) database.  Chemical compositions were 
determined by ICP-MS spectroscopy at Galbraith Laboratories, Knoxville TN.  Differential 
thermal analysis (DTA) and thermogravimetric analysis (TGA) of select samples were 
performed on a TA Instruments STD 2960 Simultaneous DTA-TGA with alumina crucibles 
and alumina powder reference. The heating profile consisted of a 5 °C min-1 linear ramp from 
ambient temperature to 750 °C in a static air atmosphere.  Ionic conductivities were 
measured using a four-point conductivity probe. The powders were pressed into bars 
(nominally 2 mm x 2 mm x 20 mm) and heat-treated. Platinum wires were then attached at 
four spots with conductive silver-palladium paste to ensure good electrical conduction 
between the wires and the sample. The samples were then placed in a tube furnace and heated 
under a controlled temperature and atmosphere. A DC current source was connected to the 
two of the wires and the voltage drop across the other two wires was measure with a 
voltmeter. The conductivity was then calculated from the current, voltage and geometry of 
the sample. The samples were measure in air between 500 °C and 900 °C. Measurements 
were taken on 3% YSZ for comparison. 
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Results and Discussion 
 
The hydrothermal synthesis described in the Experimental Section produced single phase 
samples with the microporous SOMS structure. Framework substitutions were made to study 
the affect of ionic radii, redox properties and the affect of stereo-chemically active lone pair 
of electrons. The phase purity of the framework substitutions is dependent upon the reaction 
time. With increasing reaction time, the inorganic subunits forming in solution are allowed to 
co-crystallize together into higher order structures.  This is monitored by ex-situ X-ray 
diffraction (Figure 1) studies in which our reaction proceeds from solution to a 1-dimensional 
anionic cluster, the sodium hexaniobate (Na7(H3O)(Nb6O19)(H2O)14), to the ordered 3-
dimensional microporous SOMS and then to the condensed (collapsed) 3-dimensional 
orthorhombic perovskite structure (NaNbO3) with space group Pbma.  Exceptions are the Ge 
and Zr alkoxide mixtures, in which an intermediary layered 2-dimensional hexagonal 
illmenite phase (NaNbO3, space group R-3) crystallizes in solution prior to the perovskite 
phase. In addition, the reaction time is dependent upon the amount of Ti-substitution; the 
reaction time increased with increasing Ti-substitution. These observations are consistent 
with previous studies.5 
 
Single phase 20% Ti – SOMS was used for the substitution of various cations onto the 
sodium sites in the SOMS structure. In general, the room temperature ion exchange leads to 
partial replacement of the sodium ions and resulted in approximately 10 mole % exchange. 
However, repeating the process three times and under reflux at 90°C, leads to approximately 
20 mole % exchange, a full exchange of the Na+ ions.5a   
 
The ionic conductivities of some of the perovskite samples are presented in Figure 3. The 
conductivities of the synthesized perovskites were measured and compared to the standard 
YSZ. The data indicates that the conductivity in air increases as transition metals are 
substituted into the framework structure (see comparison between NaNbO3 end-member vs. 
20% Ti-SOMS). The amount of metal substitution into the framework also affects the 
conductivity, indicating atomic scale variations affecting bulk properties. Furthermore, the 
conductivity decreases in the samples that were ion exchanged into 20% Ti-SOMS (heat 
treated to perovskites), except for the Mg2+ exchanged sample. The decrease in conductivity 
is unexpected as the exchange of mono-valent Na+ for divalent cations (M2+) might have 
resulted in cation defect sites in the perovskites. We speculate that charge compensation of 
the perovskite might be occurring through the incorporation of oxygen atoms; if additional 
oxygen atoms are incorporated into the structure, then the additional oxygen would occupy 
the space needed for the migration of the oxide anions and lead to a decrease in the 
conductivity. Another reason might be distortions in the perovskite structure resulting from 
differences in the atomic radii. These distortions would create a “tortured” path for the 
conduction of oxygen anions thereby, hinder the conduction of the oxygen anion. 
 
The oxygen conductivity of NaNbO3 (1.73 x 10-4 S/cm) is two orders of magnitude smaller 
than YSZ (1.73 x 10-2 S/cm) at 900 °C. The oxygen conductivity is affected by the 
substitution of Na atoms (A-site cation) by various metals. The Na0.9Mg0.1Nb0.8Ti0.2O3-δ 
sample shows the highest conductivity (0.176 S/cm) at 900 °C; the conductivity is an order of 
magnitude higher than measured for 3% YSZ. It is important to note that the conductivities 
reported for the lithium exchanged sample are inaccurate; the sample was calcined at 1100 
°C, thereby volatilizing the lithium atoms. 
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CONCLUSION 
 
The SOMS structure is a low temperature alternative route for synthesizing perovskites for 
use as ionic conductors. The conductivity can be altered by changing the concentration and 
type of the substituting framework cation(s) or by ion exchange of sodium. To date, the 
Na0.9Mg0.1Nb0.8Ti0.2O3-δ shows the best conductivity. Thermodynamic data is an indicator of 
SOMS framework stability and this stability correlates with the ionic-conductivity of the 
corresponding perovskite phase. The conductivity of the divalent substituted perovskites 
correlates linearly with the ionic radius of the divalent cation; a smaller ionic radius results in 
a higher conductivity. 
 
ACKNOWLEDGEMENT 
 
The authors gratefully acknowledge H. S. Kim and I. Levin for helpful discussions. Sandia is 
a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for 
the United States Department of Energy’s National Nuclear Security Administration under 
contract DE-AC04-94AL85000. 
  11
REFERENCES 
1. Bagotzky, V. S.; Osetova, N. V.; Skundin, A. M. Russian J Electrochemistry 2003, 39, 
919-934. 
2. Steele, B. C. H.; Heinzel, A. Nature 2001, 414, 345-352. 
3. Lee, Y.K.; Park, J.W.  J. Materials Science Letters  1997, 16, 678-682. 
4. (a) Ishihara, T.; Honda, M.; Shibayama, T.; Minami, H.; Nishiguchi, H.; Takita, Y. J. 
Electrochem. Soc., 1998, 145, 3177-3183. (b) Ullmann, H.; Trofimenko, N.; Tietz, F. 
Stover, D.; Ahmad-Khanlou, A. Sol. State Ion., 2000, 138, 79-90. (c) Skinner, S. J. Fuel 
Cells Bull., 2004, 4, 6-12. 
5. (a) Nyman, M.; Tripathi, A.; Parise, J. B.; Maxwell, R. S.; Harrison, W. T. A.; Nenoff, 
T. M. J. Am. Chem. Soc., 2001, 123, 1529-1530. (b) Nyman, M.; Tripathi, A.; Parise, J. 
B.; Maxwell, R. S.; Nenoff, T. M. J. Am. Chem. Soc., 2002, 124, 1704-1713. (c) 
Nenoff, T. M.; Nyman M. “Niobate-based octahedral molecular sieves” US Patent # 
6,596,254, July 22, 2003. (d) Nenoff, T. M.; Nyman M. “Niobate-based octahedral 
molecular sieves”, US Patent # 7,122,164, October 17, 2006. 
6. Iliev, M.; Phillips, M. L. F.; Meen, J. K.; Nenoff, T. M. J. Phys. Chem., 2003, B 107, 
14261- . 
7. Xu, H.; Nyman, M.; Nenoff, T. M.; Navrotsky, A. Chem. Mater., 2004, 16, 2034-2040. 
8. Xu, H.; Navrotsky, A.; Nyman, M. D.; Nenoff, T. M. J. Mater. Res., 2005, 20, 618-627. 
9. Nenoff, T. M.; Pless, J. D. Michaels, E. M.; Phillips, M. L. F. Chem. Mater., 2005, 17, 
950-952. 
10. Ya, S.; Li, L.; Nenoff, T. M.; Nyman, M. D.; Navrotsky, A.; Xu, H. Chapter 15: 
“Investigation of SOMS and their related Perovskites”, ACS Symposium Series No. 
943/Nuclear Waste Management: Accomplishments of the EMSP”, eds P. W. Wang 
and T. Zachry, ACS Publications, 2006, in press.  
11. Xu, H.; Su, Y.; Balmer, M. L.; Navrotsky, A. Chem. Mater., 2003, 15, 1872-1878.  
12. (a) Nyman, M.; Gu, B. X.; Wang, L. M., Ewing, R. C.; Nenoff, T. M. Micro. Meso. 
Mater., 2000, 40, 115 - 125. (b) Nyman M.; Bonhomme, F.; Teter, D. M.; Maxwell, R. 
S., Gu, B. X.; Wang L. M.; Ewing, R. C.; Nenoff T. M. Chem. Mater., 2000, 12, 3449 - 
3458. (c) Nyman, M.; Bonhomme, F. Maxwell R. S.; Nenoff, T. M. Chem. Mater., 
2002, 13, 4603-4611. (d) Nenoff, T. M.; Nyman, M. “Cesium Silicotitanates for Ion 
Exchange and Waste Storage” US Patent # 6,482,380, November 19, 2002. 
13. Pless, J.D.; Garino, T.; Masler, J.E.; A.; Nenoff, T. M. “Structure-Property 
Relationships of Tunable Ionic Conductivity in Niobate Perovskites”, Chem. 
Mater., 2006, submitted. 
 
  12
FIGURES 
 
 
Figure 1. Ex-situ powder X-ray diffraction of phase transitions with time of SOMS to 
perovksite phases (follow top to bottom). 
 
 
 
 6º phase Hexaniobate SOMS Perovskite 69-2B phase 
Na/Nb/Ti/O 
(20% Ti) 
√ √ √ √  
Na/Nb/Ti/O 
(5% Ti) 
 √ √ √  
Na/Nb/Sn/O   √ √  
Na/Ta/Zr/O    √  
Na/Nb/Zr/O  √  √ √ 
Na/Nb/Mo/O  √  √  
Na/V/Ti/O  √  √  
Na/Nb/Hf/O    √  
Na/Ta/Ti/O    √  
Na/Sb/Ti/O    √  
Na/Nb/Ce/O    √  
Na/Nb/Ge/O   √ √  
Na/Nb/Te/O    √  
 
 
Figure 2. Table of samples synthesized as SOMS and SOMS-converted perovksites. 
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Figure 3. Conductivity vs. A-site substituted (through ion exchange of SOMS) perovksites. 
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